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FIG. 7 (a)

FIG. 7 (b)
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1
INTERNAL GEAR PUMP

TECHNICAL FIELD

The present invention relates to an internal gear pump
equipped with a pump rotor constituted of a combination of
an inner rotor whose tooth profile is formed by utilizing a
trochoidal curve and an outer rotor having one tooth more
than the inner rotor. Specifically, the present invention relates
to an internal gear pump that achieves enhanced pump per-
formance by preventing cusps from being formed at the
addenda of the inner rotor, and to a method for forming the
tooth profile of the inner rotor.

BACKGROUND ART

An internal gear pump is used as, for example, an oil pump
for lubricating a vehicle engine, for an automatic transmis-
sion (AT), for a continuously variable transmission (CVT), or
for supplying diesel fuel.

In aknown type of this internal gear pump, the tooth profile
of'the inner rotor is formed by utilizing a trochoidal curve. As
shown in FIG. 8, a diameter A of a base circle, a diameter B of
a rolling circle, an amount e of eccentricity, and a diameter C
of'alocus circle are first set. Then, the rolling circle rolls along
the base circle without slipping, and a trochoidal curve T
drawn by a point distant from the center of the rolling circle
(by the amount e of eccentricity) is obtained. An envelope of
a group of circular arcs obtained when a center C, of the locus
circle C is moved along the trochoidal curve T serves as an
inner-rotor curve (tooth profile) TC (see FIG. 2 in Patent
Literature 1).

An outer rotor used has one tooth more than the inner rotor
2 (the number of teeth of the inner rotor: n, and the number of
teeth of the outer rotor: n+1). The tooth profile of the outer
rotor is formed based on a method that uses a locus of a group
of'tooth-profile curves of the inner rotor 2 obtained based on
the above-described method, or is formed based on another
known method. For example, the former method that uses a
locus of a group of tooth-profile curves of the inner rotor
involves revolving the center of the inner rotor by one lap
along a circle centered on the center of the outer rotor and
having a diameter of (2e+t) (e denoting the amount of eccen-
tricity between the inner rotor 2 and the outer rotor 3 and t
denoting a tip clearance between the inner rotor 2 and the
outer rotor 3 at a theoretical eccentric position), and rotating
the inner rotor 2 (1/n) times during the revolution. As the
result of the revolution and the rotation of the inner rotor 2, an
envelope of a group of inner-rotor tooth-profile curves
obtained when the inner rotor 2 rotates n times is drawn, and
the envelope serves as the tooth profile of the outer rotor 3 (see
FIGS. 3 to 5 in Patent Literature 1, and paragraph [0044] and
FIG. 9 in Patent Literature 2).

A pump rotor is formed by combining the inner rotor 2 and
the outer rotor 3 manufactured in this manner and disposing
these rotors eccentrically relative to each other. This pump
rotor is accommodated within a rotor chamber of a housing
having an intake port and a discharge port, whereby an inter-
nal gear pump is formed (see FIG. 1 in the present application,
and paragraph [0048] and FIG. 10 in Patent Literature 2).

In the inner rotor 2 whose tooth profile is formed by utiliz-
ing the trochoidal curve, loops R (FIG. 9(a)) may form at
opposite edges of each addendum 2a or cusps s (FIG. 9(5))
may form at the opposite edges of the addendum, depending
on the selection such as the diameter A of the base circle. A
tooth-profile shape having the aforementioned loops R is not
realizable in actuality, and since it is impossible that such
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loops R be formed in a tooth profile, they become cusps s
formed at the opposite edges of the addendum.

When a tooth profile having the cusps s at the opposite
edges of each addendum is used for a pump, contact stress
(i.e., Hertz stress) at the cusps (edges) s increases and causes
abrasion or yielding in these areas, thus leading to a reduction
in pump performance as well as an increase in vibration and
noise.

CITATION LIST
Patent Literature

PTL 1: Japanese Examined Utility Model Registration Appli-
cation Publication No. 6-39109
PTL 2: Japanese Patent No. 4600844

SUMMARY OF INVENTION
Technical Problem

In the related art, when the cusps s are formed, a method of
correcting the cusps s by using an arc-curved surface (i.e.,
removing the cusps s by forming an arc-curved surface) is
employed. However, the correction based on an arc-curved
surface leads to an expansion of a tooth gap between the inner
rotor 2 and the outer rotor 3, resulting in reduced pump
performance (such as volume efficiency).

Furthermore, (1) the size ofthe rotors and (2) the minimum
curvature of the inner rotor 2 and the minimum curvature of
the outer rotor fluctuate depending on the diameter C of the
locus circle. The fluctuations in (1) may lead to reduced
mechanical efficiency of the rotors, and the fluctuations in (2)
may lead to an increase in Hertz stress.

Based on experience, a mechanical efficiency of 50% or
higher and a Hertz-stress safety factor ((material contact
fatigue limit)/(Hertz stress)) of 1.5 or higher are required
when the two rotors 2 and 3 mesh with each other, and a
product thereof (i.e., (mechanical efficiency)x(Hertz-stress
safety factor)) needs to be 75% or higher.

In order to solve the aforementioned problem, a first object
of the present invention is to prevent the cusps s from being
formed at the opposite edges of each addendum 2a of the
tooth profile of the inner rotor 2. A second object is to sup-
press a reduction in mechanical efficiency and an increase in
Hertz stress in the tooth profile of the inner rotor 2 having no
Cusps s.

Solution to Problem

FIGS. 6(a), 6(b), and 6(c) illustrate an envelope TC of a
circle C obtained when the center of the circle C is moved
along a locus line T constituted of two lines connected by a
circular arc having a radius r. As shown in FIG. 6(a), when a
radius ¢ of the circle C is smaller than the radius r of the
circular arc of the locus line T (c<r), an envelope TC that is
smooth at the upper and lower sides of the drawing relative to
the locus line T can be drawn. On the other hand, as shown in
FIG. 6(c), when the radius ¢ of the circle C is larger than the
radius r of the circular arc of the locus line T (c>r), the
envelope TC at the upper side of the drawing relative to the
locus line T is smooth, whereas the envelope TC at the lower
side of the drawing has a crossing loop R. When the radius ¢
of'the circle C and the radius r of the circular arc of the locus
line T are equal to each other (c=r), as shown in FIG. 6(b), the
envelope TC at the lower side of the drawing has a cusp s.
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In the case where the tooth profile of the inner rotor is
formed by utilizing a trochoidal curve, an envelope at the
inner side of a group of circular arcs obtained by moving the
center C, of the locus circle C along the trochoidal curve T
serves as the inner-rotor curve (tooth profile) TC, as shown in
FIG. 8. In a case where there are sections where a curvature
radius p of the trochoidal curve T is locally smaller than the
radius (C/2) of the locus circle C (p,,,;,,<(C/2)), the envelope
TC of the group of circular arcs of the locus circle C crosses
over at each of these sections, resulting in formation of loops
R in the inner-rotor curve (tooth profile) TC (FIG. 9(a)). If
there are sections where the curvature radius p and the radius
of'the locus circle C are equal to each other, cusps s are formed
without any crossovers (FIG. 9(b)).

Accordingly, in the present invention, the radius (C/2) of
the locus circle C is constantly set to be smaller than the
curvature radius p of the trochoidal curve T. In other words,
the radius (C/2) of the locus circle C is smaller than a mini-
mum curvature radius p,,, of the trochoidal curve T
(C/2<pmm)

Next, as shown in FIGS. 7(a) and 7(b), the following
expression is satisfied:

COS(/2-0)=sin 0=(x>+b>-e2)/2bx

where n denotes the number of teeth of the inner rotor 2, b
denotes the radius of the rolling circle B (=B/2), C denotes the
diameter of the locus circle, and e denotes the amount of
eccentricity.

The curvature radius p is expressed as follows based on
Euler-Savary’s formula:

(1/x+1/(p=-x))sin 0=1/a+1/b.
Assuming that (1/a+1/b)=y,
p=x+1/(y/sin 6-1/x).
By substituting the aforementioned sine into this expres-
sion of p, assuming that a=b*-e* and p=2by-1,
p=x+(+ax)/ (Px2-ar).

Furthermore, by differentiating p with respect to x,

dp/dx=1+((35+0) (Bx’— ) - (x> +ax) 2px))V (Bx’-0)’=
(B +(Bx*+a)(Px’-0)- (¥ +ax)(2px)))/

(Bx2—c1)?, and the numerator thereof is (B+1)x>

(Bx?-3c).

Based on e<X=2b and f+1=2by=0, x that satisfies dp/dx=0
is as follows:

*=V3a/B(x>0).
Therefore, when
*=V3arp,

the curvature radius p is at minimum (minimum curvature
radius p,,,,,) so that

3(b? —e?)
2Wy—1

1+8
B

Prmin =3+

Based on a=b*-e?, f=2by-1, and a/b=n, the following is
obtained:

n+1
n+2

3n(b? —e?)
n+2

Pmin =
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Assuming that the minimum curvature radius p,,,,,, is larger
than the radius of the locus circle (p,,,,>C/2), the following is
obtained:

C n+2
e

n+2 L
3n (bt —e?) <

n+1

3n(b? —e?)
‘2 N n+2

Pmin = )

With the following expression:

C n+2
6 n+l

n+2

m = CR2pmin =K

and K<1 being satisfied, the radius (C/2) of the locus circle C
is constantly made smaller than the curvature radius p of the
trochoidal curve T in FIG. 8, so that cusps s are prevented
from being formed at the opposite edges of each addendum 2a
in the tooth profile of the inner rotor 2, whereby the afore-
mentioned first object is achieved.

Next, in order to achieve a product (i.e., (mechanical effi-
ciency)x(Hertz-stress safety factor)) of 75% or higher, as
mentioned above, the value of K is set to 0.2<K<0.97 from the
following experimental result. If K1=2p,,..~C, 0.3=K1<9.8
is satisfied.

Furthermore, assuming that

Kl
K2= ——(B=A/n),

VB2 +e?

0.06=K2<1.8 is satisfied.

In order to obtain a mechanical efficiency of 50% or higher
and a Hertz-stress safety factor of 1.5 times or more, it is
desirable that 0.7=K<0.96, 0.5=sK1<2, and 0.1=K2<0.7 be
satisfied.

By obtaining a tooth profile that satisfies these conditions,
the aforementioned second object is achieved.

In this case, K denotes a “ratio”, K1 denotes an “amount”,
and K2 expresses K1 in ratio.

Advantageous Effects of Invention

The present invention has the above-described configura-
tion so as to prevent formation of loops R or cusps s at the
opposite edges of each addendum of a tooth profile formed by
utilizing a trochoidal curve, as well as suppressing a reduction
in mechanical efficiency and an increase in Hertz stress.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an end-surface diagram of an internal gear pump
according to an embodiment of the present invention, show-
ing a state where a cover is removed from a housing.

FIG. 2 is an enlarged view of a tooth of an inner rotor
according to the embodiment.

FIG. 3 illustrates the relationship between “mechanical
efficiencyxHertz-stress safety factor” and K in the embodi-
ment.

FIG. 4 illustrates the relationship between “mechanical
efficiencyxHertz-stress safety factor” and K1 in the embodi-
ment.

FIG. 5 illustrates the relationship between “mechanical
efficiencyxHertz-stress safety factor” and K2 in the embodi-
ment.
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FIG. 6(a) illustrates an envelope of a circle C obtained
when the center of the circle C moves along a locus line T, and
shows a case where a diameter r of an arc section is smaller
than a radius c of the circle C.

FIG. 6(b) illustrates an envelope of the circle C obtained
when the center of the circle C moves along the locus line T,
and shows a case where r is equal to c.

FIG. 6(c) illustrates an envelope of the circle C obtained
when the center of the circle C moves along the locus line T,
and shows a case where r is larger than c.

FIG. 7(a) illustrates how a minimum curvature radius p,,,;,
of a trochoidal curve T is calculated.

FIG. 7(b) illustrates how the minimum curvature radius
0, OF the trochoidal curve T is calculated.

FIG. 8 illustrates an inner rotor design using a trochoidal
curve.

FIG. 9(a) is an enlarged view illustrating a tooth-profile
shape of an inner rotor in the related art.

FIG. 9(b) is an enlarged view illustrating the tooth-profile
shape of the inner rotor in the related art.

DESCRIPTION OF EMBODIMENTS

FIGS. 1 and 2 illustrate an embodiment of the present
invention. In this embodiment, the tooth profile of an inner
rotor 2 is formed based on the tooth-profile forming method in
FIG. 8, and the tooth profile of an outer rotor 3 is formed based
on the method discussed in Patent Literature 1 and Patent
Literature 2. Then, the inner rotor 2 composed of an iron-
based sintered alloy and having six teeth and the outer rotor 3
composed of an iron-based sintered alloy and having seven
teeth are manufactured and combined with each other,
whereby an internal-gear oil-pump rotor 1 is formed. The
internal-gear oil-pump rotor 1 is accommodated within a
rotor chamber 6 of a pump housing 5 having an intake port 7
and a discharge port 8, whereby an internal gear pump 9 is
formed.

When designing the tooth profile of the inner rotor 2, the
condition K<1 in the aforementioned expression (1) is satis-
fied, whereby loops R or cusps s are not formed at the opposite
edges of each addendum 2a of an inner-rotor curve (tooth
profile) TC, as shown in FIG. 2.

Specifically, the number n of teeth of the inner rotor is six,
a rolling-circle diameter B is 5 mm (the same applies there-
inafter), a base-circle diameter A is 30 (nxB), an amount e of
eccentricity is 2, an outer diameter of the outer rotor is a larger
diameter+6 (wall thickness of 3), a theoretical discharge rate
is 3.25 cm®/rev, a tip clearance t is 0.08 mm, a side clearance
is 0.03 mm, a body clearance is 0.13 mm, an oil-type/oil-
temperature is ATF 80° C., a discharge pressure is 0.3 MPa, a
rotation speed is 3000 rpm, and a material contact fatigue
strength is 600 Mpa. The material contact fatigue strength is
a representative value of a sintered material, and the material
is appropriately selected in accordance with the intended use
of'the rotor (i.e., an increase in Hertz stress due to an increase
in discharge pressure).

The relationship between “mechanical efficiencyxHertz-
stress safety factor (simply referred to as “Hertz safety factor”
or “safety factor” hereinafter)” and “C/2p,,,,, (=K)” is illus-
trated in FIG. 3. Table I below shows the “mechanical effi-
ciency”, the “Hertz stress”, the “Hertz safety factor”, and
“mechanical efficiencyxsafety factor” with respect to each K
(C/2p,,,,,)- Furthermore, FIG. 4 illustrates the relationship
between “mechanical efficiencyxHertz-stress safety factor”
and “(2p,,,—C)=K1”, and Table II below shows the
“mechanical efficiency”, the “Hertz stress”, the “Hertz safety
factor”, and “mechanical efficiencyxsafety factor” with
respectto each K1 (2p,,,,,—C). Moreover, FI1G. 5 illustrates the
relationship between “mechanical efficiencyxHertz-stress
safety factor” and the aforementioned K2. Table III below
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6

shows the “mechanical efficiency”, the “Hertz stress”, the
“Hertz safety factor”, and “mechanical efficiencyxsafety fac-
tor” with respect to each K2.

TABLE I
Hertz  Mechanical
Mechanical Hertz safety  efficiency x
efficiency stress factor  safety factor
€129, =K ) (Kgfmm?) (%) %)
0.1 353 372 161 57.0
0.2 37.6 266 226 84.9
0.3 40.0 221 271 108.5
0.4 42.5 197 304 129.3
0.5 45.0 184 326 146.8
0.6 477 179 335 159.7
0.7 504 182 329 165.7
0.8 53.2 199 301 160.0
0.9 56.0 253 237 1325
0.92 56.5 277 216 122.2
0.94 57.1 314 191 109.1
0.96 57.7 377 159 91.8
0.97 57.9 431 139 80.7
0.98 58.2 523 115 66.9
0.99 585 732 82 48.0
TABLE II
Hertz  Mechanical
Mechanical Hertz safety  efficiency x
efficiency stress factor  safety factor
2Pmin — C =K1 (%) (Kgfmm?) (%) (%)
0.1 58.6 794 76 44.2
0.2 58.3 566 106 61.8
0.3 58.1 466 126 75.0
0.4 57.8 407 147 85.2
0.5 57.6 367 163 94.1
0.6 574 338 177 101.8
0.7 57.1 316 190 108.5
0.8 56.9 298 201 114.6
0.9 56.6 283 212 120.0
1 56.4 271 221 124.8
2 54.0 209 286 154.7
5 47.0 180 334 157.2
8 40.5 214 280 1135
9 38.5 245 245 943
10 36.5 302 199 72.7
TABLE III
Hertz Mechanical
Mechanical Hertz safety efficiency x
(2pmin - C)/ efficiency stress factor safety factor
(B2 +e)Y2=K2 (%) (Kgf/mm?) (%) (%)
0.02 58.5 766 78 45.9
0.06 58.0 450 133 77.3
0.1 57.5 355 169 97.2
0.2 56.2 263 228 128.3
0.3 54.9 225 267 146.4
0.5 524 193 312 163.2
0.7 50.0 181 331 165.3
0.8 48.6 179 335 162.8
0.9 47.4 179 335 158.7
1 46.2 181 332 153.2
1.2 43.8 189 317 139.0
1.5 40.4 216 278 112.1
1.8 37.1 280 214 79.6
2 35.1 395 152 53.2

In order for “mechanical efficiencyxsafety factor” to be
higher than or equal to 75%, it is apparent from FIG. 3 and
Table I that 0.2=<K<0.97 be satisfied, from FIG. 4 and Table 11
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that 0.3=<K1<9.8 be satisfied, and from FIG. 5 and Table II1
that 0.06=K2<1.8 be satisfied.

Furthermore, in order to obtain a mechanical efficiency of
50% or higher and a Hertz-stress safety factor of 1.5 times
(150%) or more, it is apparent from FIG. 3 and Table I that
0.7=K<0.96 be satisfied, from FIG. 4 and Table II that
0.5=K1=2 be satisfied, and from FIG. 5 and Table III that
0.1=K2=0.7 be satisfied.

The tooth profile of the outer rotor 3 is not limited to an
envelope of a group of tooth-profile curves formed by revo-
lution and rotation of the inner rotor 2 described above. Alter-
natively, the tooth profile of the outer rotor 3 may be obtained
based on any method so long as the envelope is, for example,
the minimal tooth-profile line of the outer rotor 3 for allowing
rotation without causing the inner rotor 2 and the outer rotor
3 to interfere with each other, and the tooth profile is drawn at
the outer side of the envelope.

Furthermore, the number of teeth in the inner rotor 2 is not
limited to six, and may be a freely-chosen number.

Accordingly, the disclosed embodiment is merely an
example in all aspects and should not be limitative. The scope
of the invention is defined by the claims and is intended to
encompass interpretations equivalent to the scope of the
claims and to include all modifications within the scope.

REFERENCE SIGNS LIST

1 internal-gear oil-pump rotor
2 inner rotor
2a addendum of inner rotor
3 outer rotor
4 pump chamber
5 pump housing
6 rotor chamber
7 intake port
8 discharge port
9 internal gear pump
A base-circle diameter
B rolling-circle diameter
C locus-circle diameter
T trochoidal curve
TC tooth profile (inner-rotor curve)
The invention claimed is:
1. An internal gear pump wherein a diameter of a base
circle is set to A mm, a diameter of a rolling circle is set to B
mm, a radius of the rolling circle is set to b mm, a diameter of
alocus circle is set to C mm, and an amount of eccentricity is
set to e mm,
wherein a trochoidal curve (T) is drawn by rolling the
rolling circle along the base circle without slipping and
by using a locus of a fixed point distant from a center of
the rolling circle by e,

wherein a tooth profile of an inner rotor having n teeth is
formed based on an envelope of a group of the locus
circles each having a center on the trochoidal curve (1),

wherein a pump rotor is formed by combining the inner
rotor with an outer rotor having (n+1) teeth, and

wherein a tooth-profile curve of the inner rotor satisfies
expression (1):

n+2 L
N 3n@E—e) <h
and

wherein when a minimum curvature radius p,,;,, of the
trochoidal curve (T) is defined by expression (2) and
K1=(2p,,;,,~C), 0.5=K1=2 is satisfied:
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n+1
Puin =3

3n (b2 —e?)
n+2

n+2

2. The internal gear pump according to claim 1, wherein
0.7=K=0.96 is satisfied.

3. The internal gear pump according to claim 1, wherein
when K2 is defined by expression (3), 0.06=<K2<1.8 is satis-
fied:

K1 3)
K2= ————(B = Aln).

VB2 +e?

4. The internal gear pump according to claim 3, wherein
0.1=K2=<0.7 is satisfied.
5. A method for forming a tooth profile of an inner rotor of
an internal gear pump, comprising:
setting a diameter of a base circle to A mm, a diameter of a
rolling circle to B mm, a radius of the rolling circle to b
mm, a diameter of a locus circle to C mm, and an amount
of eccentricity to e mm;
drawing a trochoidal curve (T) by rolling the rolling circle
along the base circle without slipping and by using a
locus of a fixed point distant from a center of the rolling
circle by e;
forming a tooth profile of an inner rotor having n teeth
based on an envelope of a group of the locus circles each
having a center on the trochoidal curve (T); and
forming a pump rotor by combining the inner rotor with an
outer rotor having (n+1) teeth,
wherein a tooth-profile curve of the inner rotor satisfies
expression (1):

n+2 <1
3n(b? —el) ?
and

wherein when a minimum curvature radius p,,;,, of the
trochoidal curve (T) is defined by expression (2) and
K1=(2p,,,—C), 0.5=K1=2 is satisfied:

®

-3 n+1 @
Pmin = nt

3n (bt -e?)
n+2

6. The method for forming a tooth profile of an inner rotor
of an internal gear pump according to claim 5, wherein
0.7=K=0.96 is satisfied.

7. The method for forming a tooth profile of an inner rotor
of'an internal gear pump according to claim 5, wherein when
K2 is defined by expression (3), 0.06=<K2<1.8 is satisfied:

K1 3)
K2= ————(B = Aln).

VB2 +e?

8. The method for forming a tooth profile of an inner rotor
of an internal gear pump according to claim 7, wherein
0.1=K2=<0.7 is satisfied.
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